Thrombospondin-1 (TSP-1) is a potent inhibitor of angiogenesis that acts directly on endothelial cells via the CD36 surface receptor molecule to halt their migration, proliferation, and morphogenesis in vitro and to block neovascularization in vivo. Here we show that inhibitory signals elicited by TSP-1 did not alter the ability of inducers of angiogenesis to activate p42 and p44 mitogen-activated protein kinase (MAPK). Rather, TSP-1 induced a rapid and transient activation of c-Jun N-terminal kinases (JNK). JNK activation by TSP-1 required engagement of CD36, as it was blocked by antagonistic CD36 antibodies and stimulated by short anti-angiogenic peptides derived from TSP-1 that act exclusively via CD36. TSP-1 inhibition of corneal neovascularization induced by bFGF was severely impaired in mice null for JNK-1, pointing to a critical role for this stress-activated kinase in the inhibition of neovascularization by TSP-1. Oncogene (2001) 20, 3443 ± 3448.
Introduction
Angiogenesis, the formation of new blood vessels from pre-existing ones, is a tightly regulated process controlled by the balance between positive and negative stimuli in the environment of endothelial cells (Bouck et al., 1996; Hanahan and Folkman, 1996) . Identi®cation of the molecules that regulate this complex process has been the ®rst step towards understanding the mechanisms controlling angiogenesis (Carmeliet, 2000) . Additional insight comes from the discovery that a large proportion of known inhibitors of angiogenesis, including thrombospondin-1, angiostatin, endostatin, 2-methoxyestradiol and canstatin, have the ability to induce apoptosis in endothelial cells thereby precluding the cells from responding to a wide variety of pro-angiogenic factors that signal through dierent pathways (Yue et al., 1997; Yeh et al., 1998; Claesson-Welsh et al., 1998; Lucas et al., 1998; Dhanabal et al., 1999; JimeÂ nez et al., 2000; Kamphaus et al., 2000) . In their turn, inducers of angiogenesis, besides being able to activate endothelial cell proliferation, migration and capillary morphogenesis, promote endothelial cell survival (Tran et al., 1999; Fujio and Walsh, 1999; Nor et al., 1999; O'Connor et al., 2000) . Thus the balance between inducers and the apoptosis-inducing inhibitors of angiogenesis seems to be interpreted within the endothelial cell as a balance between survival and apoptosis pathways and to be critical for the regulation of angiogenesis (JimeÂ nez et al., 2000) . De®ning the signaling pathways within the cell that are triggered by the molecules that regulate angiogenesis will be essential if these mechanisms are to be understood on a molecular level.
We have recently shown that the anti-angiogenic activity of TSP-1 requires the sequential activation of CD36, p59 fyn , caspase-3-like proteases and p38 mitogen-activated protein kinases (JimeÂ nez et al., 2000) . Here we have investigated the contribution of c-Jun Nterminal kinase-1 (JNK-1) and p42/p44 mitogenactivated protein kinases (MAPKs) to the inhibition of neovascularization by TSP-1.
Results and discussion
Several inducers of angiogenesis, including basic ®broblast growth factor (bFGF), vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF) and tumor necrosis factor a (TNFa), are known to rely on activation of p42 and p44 MAPK in order to transduce their stimulatory eects within the endothelial cell (D'Angelo et al., 1995; Modur et al., 1996; Pedram et al., 1998) . The activation of p42 and p44 by bFGF (Figure 1a) , VEGF, and PDGF (data not shown) in capillary endothelial cells was sustained for over 60 min, far exceeding the rapid and transient activation of these kinases that is commonly associated with the induction of proliferative responses (Marshall, 1995) . This prolonged activation suggests that these kinases may also contribute to other essential components of the complex angiogenic response of endothelial cells, including migration and survival.
The activation of MAPK was indeed critical for these growth factors to induce endothelial cell migration. PD98059, a peptide inhibitor that blocks MEK (Dudley et al., 1995) eectively inhibited MAPK activation in endothelial cells (Figure 1b) . Pretreatment with PD98059 was sucient to block endothelial cell migration towards multiple inducers of angiogenesis including VEGF, PDGF and bFGF ( Figure 1c ). As might be expected, PD98056 did not block migration towards TGFb, which signals through a MAPKindependent pathway (Wrana, 2000) .
The inhibitory eect of TSP-1 was not due to interference with the prolonged, inducer-dependent activation of MAPK. TSP-1 was not able to block p42/p44 MAPK activation by bFGF, nor was it able to independently activate MAPKs as measured both by mobility shift assay (EMSA) (Figure 1d ) and by the more sensitive and quantitative immunocomplex kinase assay (Figure 1e) . A similar lack of interference was seen when MAPK was activated by either VEGF or PDGF instead of bFGF (data not shown). This observation is in keeping with our previous results where we have demonstrated that the ability of TSP-1 to induce apoptosis in endothelial cells is also independent of either p42 or p44 MAPKs (JimeÂ nez et al., 2000) .
In contrast to the non-essential MAPKs, the stressactivated kinases are crucial to the inhibitory activity of TSP-1. We have shown previously that p38 MAPK is activated by TSP-1 and is essential for TSP-1 antiangiogenic activity both in vitro and in vivo (JimeÂ nez et al., 2000) . Here we demonstrate that TSP-1 can also activate a second stress activated kinase, c-Jun Nterminal kinase (JNK). When used at doses that are inhibitory in the endothelial cell migration assay (Tolsma et al., 1993) , TSP-1 stimulated JNK with a Figure 1 MAPK was activated by bFGF and required for induction of angiogenesis in vitro but not inhibited by TSP-1. (a) Kinetics of MAPK activation by bFGF was measured in bovine adrenal capillary endothelial cells BP10T8 (BCECs) (a gift of Dr J Folkman. Children's Hospital, Harvard Medical School, Boston, MA, USA). Cells were treated with 10 ng/ml bFGF for the indicated periods of time. Extracts were assayed for MAPK by assessing the shift to a higher mobility of the activated enzyme using 20 cm 10% SDS ± PAGE gels with 0.2% SDS, a concentration doubled compared to the standard one, and acrylamide/bis-acrylamide ratio 35:0.6 in order to improve resolution of the non-phosphorylated and phosphorylated forms of the MAPKs. (b) Quiescent BCECs were stimulated 10 min with 10 ng/ml bFGF (lanes 5 ± 9) or 20% FCS (lanes 10 ± 14). Cells were pretreated 30 min with 1 mM PD98059 (lanes 6 and 11), 10 mM PD98059 (lanes 7 and 12), 50 mM PD98059 (lanes 8 and 13), 100 mM PD98059 (lanes 9 and 14), or the corresponding vehicule for 10 mM PD98059 (lane 2), 50 mM PD98059 (lane 3) or 100 mM PD98059 (lane 4). Unstimulated quiescent cells (lane 1). MAPK activity was assessed by immunocomplex kinase assay using myelin basic protein (MBP) as a substrate. (c) Endothelial cells were pre-treated for 2 h with 50 mM PD98059 (Calbiochem) and ability of the cells to migrate towards a variety of inducers tested. Background migration of endothelial cells in the presence of 0.1% BSA is indicated (BSA). Angiogenic factors used included from Sigma (St. Louis, MO, USA) b1-estradiol (E2) used at 1 mM, platelet activating factor (PAF) used at 10 mM, prostaglandin E1 (PGE1) used at 250 pg/ml and lysophosphatidic acid (LYS) used at 10 ng/ml; from R&D Systems (Minneapolis, MN, USA) basic ®broblast growth factor (bFGF) used at 10 ng/ ml, transforming growth factor beta (TGFb1) used at 15 pg/ml, scatter factor (SF) used at 5 ng/ml; and from Genzyme Diagnostics (Cambridge, MA, USA), vascular endothelial cell growth factor (VEGF) used at 100 pg/ml. bFGF indicates the migration towards 10 ng/ml of bFGF. Standard errors are shown. * Indicates instances where the drug caused signi®cant inhibition, P50.001. Endothelial cell migration assay was performed in an inverted modi®ed Boyden Chamber as in Volpert et al., 1998 . All samples were tested in quadruplicate. (d) and (e) Quiescent BCECs were preincubated for 3 h with the indicated concentrations of TSP-1 before a 10 min stimulation of the cells with 10 ng/ ml bFGF in the absence or presence of the indicated concentrations of TSP-1. TSP-1 was puri®ed from human platelets (Bornstein et al., 1994) . MAPK activation was assessed by EMSA (d) or immunocomplex kinase assay using myelin basic protein (MBP) as a substrate (e). Immunocomplex kinase assays were done as described in (JimeÂ nez et al., 2000) using 1 mg/ml anti-MAPK (Santa Cruz) and 5 mg of MBP (Sigma) for each individual kinase assay rapid kinetics typical for an early step in the signaling cascade (Figure 2a) .
TSP is known to bind a number of cellular receptors (Roberts, 1996) but it is CD36 that mediates its anti-angiogenic eects both in vitro (Dawson et al., 1997) and in vivo (JimeÂ nez et al., 2000). To link JNK activation more tightly to the anti-angiogenic activity of TSP-1, its dependence on CD36 was tested. JNK activation by TSP-1 was blocked in the presence of FA6 (Figure 2b) , an antibody that interferes with TSP-1 access to CD36 and prevents its acting as an anti-angiogenic agent (Dawson et al., 1997) . The FA6 inhibitory eect was speci®c since TNFa activation of JNK was unaected by the presence of these antibodies (Figure 2c) . Additionally, the anti-CD36 monoclonal antibody SMF that is agonistic for CD36 and able to mimic TSP-1 activity on endothelial cells (Dawson et al., 1997) , also caused activation of JNK in microvascular endothelial cells (data not shown).
The anti-angiogenic activity of TSP-1 resides in the 50 kDa central stalk of the molecule (Tolsma et al., 1993) , where two independent anti-angiogenic sub-regions have been identi®ed. From these regions two peptides were derived, Mal III and Col overlap, that share a common motif and act directly on endothelial cells via the CD36 receptors to mimic the anti-angiogenic properties of the whole TSP-1 molecule (Tolsma et al., 1993; Dawson et al., 1997) . Both Mal III and Col overlap were able to activate JNK to the same extent as TSP-1 (Figure 2d ). For both peptides this activation was eectively blocked by FA6 monoclonal antibodies, supporting the essential role of CD36 signaling for JNK activation by Mal III and Col overlap, and therefore by TSP-1.
To further link JNK activation by TSP-1 to the inhibition of angiogenesis a corneal neovascularization assay was performed on mice null for JNK-1 (JNK-17/7). Null mice (Sabapathy et al., 1999b) were veri®ed by Western blots of the whole cell extracts of embryonic ®broblasts derived from E 13.3 embryos (Figure 3a, upper panel) . As a loading control the membrane was re-probed with an antibody that recognizes both isoforms of JNK-1 and JNK-2 (Figure 3a, lower panel) . Null animals were bred to wild-type C56/Bl6J, the F1 backcrossed to the nulls, and the null F2 mice identi®ed by their lack of the 46 kDa isomer of JNK-1. Progeny of these animals were used for cornea assays. JNK-17/7 mice showed normal response to inducers of angiogenesis, while their response to the inhibitory action of TSP-1 in the corneal neovascularization assay was substantially impaired (Figure 3 and Table  1 ). This result was further con®rmed in an in vitro assay where endothelial cells were induced to migrate out of corneal explants in the presence of VEGF. For this assay, corneas of JNK-17/7 and C57Bl6 control mice were excised and placed in Matrigel depleted of most growth factors. Three days later active cell migration from the explants and capillary morphogenesis was found in the presence of VEGF (Figure 4 ). Migrating cells stained positively for the endothelial marker CD31 (T Ferguson, Washington (HMVECs) were treated for the indicated times and concentrations with TSP-1 and JNK immunocomplexes were obtained as indicated in (JimeÂ nez et al., 2000) using 1 mg/ml anti-JNK-1 antibodies (Pharmingen), and assayed for ability to phosphorylate 1 mg of GST-c-jun (1 ± 79) as substrate. TNFa was used as a positive control. (b ± d) HMVECs were pre-incubated, where indicated, for 1 h with 10 mg/ml anti-CD36 antibody FA6-152 (Immunotech) and then treated with TSP-1 (times and concentrations as indicated) (b); 10 ng/ml TNFa (c) or with anti-angiogenic peptides Col overlap or Mal III at 50 mM (d) (peptides synthesized, puri®ed and dialyzed as described in Tolsma et al., 1993) . Subsequently JNK immunocomplexes were obtained and assayed for ability to phosphorylate GST-c-jun (1 ± 79) University, St. Louis, MD, USA, personal communication). TSP-1 was able to halt the induction of cord formation by this corneal endothelium when it was derived from wild-type animals, but it was ineective when applied to the corneas from JNK-1 7/7 mice (Figure 4 ).
These results demonstrate that JNK-1 is required for the anti-angiogenic eect of TSP-1. Studies of mice that lack distinct members of the JNK family, JNK-1, JNK-2, JNK-3 reveal that although these kinases belong to a common family, they can play highly speci®c roles in T cell dierentiation (Dong et al., 1998; Yang et al., 1998; Chu et al., 1999 and Sabapathy et al., 1999a) and apoptosis (Kuan et al., 1999) . Data presented in this work support that JNK-1 requirement for TSP-1 antiangiogenic action cannot be adequately compensated for by other MAPK family members. This suggests that independent targets exist in endothelial cells for each of the JNK kinases, and that JNK-1 plays a critical role in the inhibition of neovascularization by TSP-1. Thus two stress-activated kinases, JNK-1 and p38 MAPK seem to be integral parts of the signaling network that leads from CD36 to the apoptosis-dependent inhibition of angiogenesis by TSP-1. Loo and Cotman, 1994 . Western blotting was performed using 100 mg of whole cell lysates obtained as in Hibi et al., 1993 . The membrane was ®rst probed with a monoclonal antibody (mAb) to JNK-1 (Pharmingen) (upper panel) and was reprobed with a mAb against JNK-1 and JNK-2 (Pharmingen) for a loading control (lower panel). (b) The cornea assay was performed as previously described (Volpert et al., 1998) . Sucralfate/Hydron pellets were formulated with indicated test substances and implanted into the avascular cornea of anesthetized wild-type (C57/Bl6 from Jackson Labs) or jnk-1 null mice 0.5 ± 1.0 mm from the vascular limbus. Where indicated the pellets contained 50 ng bFGF alone or in combination with puri®ed human TSP-1 (200 ng/pellet). Photos were taken on day 5 post implantation and the results are presented schematically as a diagram 
